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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS -

TECHNICAL NOTE NO. 1216

EFFECTS ON PERFORMANCE OF CHARNGING THE DIVISION OF WORK
BETWEEN INCREASE OF ANGULAR VELOCITY AND INCREASE
OF RADIUS OF -ROTATION IN AN TMPELLER

By Ambrose Ginsburg, William K. Ritter
and John Palaslcs

SUMMARY

The effect on the performance of Increasing the angular
velocity of an impeller and consequently increasing the amount of
work of compression resulting from the angular acceleration of the
air in the impellsr was Ilnvestigated for four impellers in combina-
tion with a vaneiess diffuser in a variable-component supercharger
teat rig over a range of actual tip speeds from 800 to 1300 feet
per second., Impellers A, B, and C were also tested at two constant
impeller angular velocitiles,.

Impellers A, B, and C consisted of radial-bladed sections with
the same inducer section, Impellers B and C were made by reducing
the discharge-tip diameter of impeller A (12-in. diameter) to
10.76 inches (impeller B) and to 9.52 inches (impsller C).

Impellser D consisted of the inducer section without a radial-bladed
gectlon. T - T

When the amount of work resulting from the angular acceleration

wag increased wlth respect to the work of compression resulting from

the increased radius of rotation of the impsller, the lmpeller

adiabatic efficlency, pressure coefficient, and volume-flow capecity _

were improved. The volume-flow capsclty of the impeller was inde-
pendent of impeller dlameter and impeller tip speed but dependent
upon the Impeller angular velocity. The relation between maximum
volume flow and Impeller angular velocity was linear. The flow
regvriction that limits the volume-~flow capaclty of the compressor
exigted In the inducer section. The Tlow was restricted when & -
critical pressure drop occurred 1In the inducer sectlon, With an
increagsed impeller blade~inlet relatlive Mach number, the negatlve
blade-inlet angles of attack at which the critical pressure drop
occurred decreased. Any detrimental effects on impeller perform-
ance resulting from transonic velocities relative to the impeller
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inlet blade tip were smsll as compared wilth the deslrable performance
effects obtained dy increasing the impeller angular velocity.

INTRODUCTLON

The ideel work of compression in a centrifugal-type impeller
consiste of two types of energy addition: one by the angular
ecceleration of the air and the other by increased air velocltles
resulting fran en incressed radius of rctation. The process of
accelerating the alr to the engular velocity of the impoller is gome~
times called the inducer function. The acceleration of the alr
produced by the Incroased radius of rotation is called the Corinlis
acceleration. The two accelerations represent two different types of
alr flow in the impeller. The angular ascceleration produces a preasure
rise by diflusion of the dymamic pressure of the reiative velocity in
the Impeller passage. The Coriolis acceleration produces a pressure
rise as &a resuit of centrifugal force without any diffusion.

In an impeller, the irducer functlicn may be physically sepsrated
from the Coriolis acceleration as in reference 1 or the two accaler-
atlions may be partly or entirely overlapping. Conventional impellers
are designed to have most of the work of coxpression done by the
Coriolls acceleration and to have very little or no overlapping of
the angular and Coriolis acceierations. The reagon for such an
arrangement lg that the angular acceleration of alyr in a centrifugal-
type impeller is generally believed t> be an inefficlent process.
Moreover, the low ratio of impeller inlet-tip to discharge-tip
diameters needed to increase the ratio of Coriolis to angular accelcr-
ation provides low Mach numbers at the impeller inlet, a condition
congldersed necessary for satisfactory impsller performence. The
merits of the conventional method of impeller loading, however, are
not obviocus. £n increase in angular velocity may be more effective
In adding energy in the impeller then the conventlonal method, for
the flow phencomens in the impeller passage are incompletely known.

The effect on performasnce cbtained by inoreasing the amount of
work of compression resulting from the angular acceleration cof the
alr in the impeller has been investigdted at the NACA Clevelend
laboratory. Four impellers wers tested in a variable-component
supercharger test rig over a range of actual impelloxr tip speeds
from 800 to 1300 feet per second. Impellers A, B, and C were also
teasted at two constant impeller angular velocities., Impellors A,
B, and C consisted of radial-bladed sections with the same inducer
geotion. ITmpellors B and C were made by réducing the discharge-tip
dismoter of impoller A (12 in.) to 10,76 and 9.52 inches, respectively.
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Inpeller D consisted of the inducer sectlon without any radial-
biaded section. This irducer section, because of the profile of
its air-flow passages, imparted e Corilolis acceleration to the air
in addition to its primary function of imparting angular wveloclty
‘c¢ the entering air,

The adiabatic efficlency, the pressurs coefficient, and the
volume flow of the four impellsrs ars corpared. An analysils of
the volume-flow limitations of the compressor is nresented that
indicates what part of the compreseor systen limits the volume-flow
capacity erd shows the nature of the flow restriction. The use of
impeller blade-inlet yelative Mach number as an impeller design
parsmeter is dlscussed.

THFELLERS ' -

The four impellers used in the investigation are shown in
profile view in figure 1., Impellers A, B, and C consisted of radial-
bladed impeller sections with the mame Inducer section. Impellers B
and C were mads by successive reductions in the tip diameter of the
radial-bladed section of impeller A. Impeller D consisted of the
inducer section without a radial-bladed 3Impeller section.

As shown by figure 2, impeller A had 18 blades and consisted
of the inducer sectiom and a 1l2-inch-diameter radial-bladed section.
The passage aresa normal to the mean-flow path in both the inducer
section and in the radial-bladed section was held constant by
selection of the shroud profiles. TImpeller B had a tip diameter
of 10.76 inches and impeller C had a tlp dlameter cof 9.52 inches.
For these two dlameter reductions only the blades were removed;
the impeller rear shroud wag left to serve as part of the diffuser
rear wall., Impeller D, which consisted of only the inducer sectlon,
was obtained by the vemova‘ of all the blades of the impeller radlal-
bladed section., The impeller rear shroud again served as the
diffuser rear wall. A photograph of the inducer section, impeller D,
is shown in figure 3. . -

The inducer section was aingle stage and desigmned to imperd
s0lid-body, or wheel, rotation to the entering alr at conatant
angular acceleration along the axial depth. The design of this
type of inducer section is described in reference 2, The iniucer
section had 18 blades, an inlet-tip dlameter of 8 inches, an Inlet-
hub diameter of 2.85 inchkes, a discharge-tip diameter of 9.52 inches,
and a discharge-hub dlameter of 6.39 inches, In order to maintain
passage-ares control through the inducer secticn and alsc +to avoid
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any abrupt changs in curvature of the flow path at the Jjuncticn of
the inducer section and the radlal-bladed impeller secticn, the
gshroud profiles of the Inducer sectlon were nat at constant radius
along the axial depth of the inducer secticn. The inducer sectlon
had an axial depth of 2,45 lnches and & design load coefficlent of
0.294 cublic foot per revolutlon.

Comparative design Information for the Tour impellers is glven
in the following table: )

Iceal work of compression
in impeller
Tmpeller Res%lting Resulting
tip from frgm
Impellex dtameter angular Coriolis
(in.) accelexr- acceler-
ation - atlion
(percent- (percent
_ of total) | of total)
A 12.00 22 78
B 10.76 27 73
C g,52 35 65
D 89,52 49 51

@mip diameter varies from 9.52 inches to
6.39 inches,

The Coriolis acceleration occurred in the inducer sectlon
(impeller D) because of the increase of the radius of rotation
through the flow rassags. The work of campression occurring in
the radial-bladed sectlons of impellers A, B, and C resulted
entirely from the Coriclis acceleration of the alr imparted by the
increasing radius of rotatlon. For these four inmpellers, the
ratios of the idesl wcrk of compression resulting from the anguiar
and Coriolis accelerations remained consitant for a given impeller
1p dlameter irrespective of lmpeller tip speed.

APPARATUS AND TEST PROCEDURE

Test setup., - The four impellers were Investlgated in ccitbi-
nation with a vaneless diffuser in a wvariable-component supercharger
test rig. The vaneless diffumer was 34 inches in diameter and 1ts
deslgn was sgimilar to that of diffusers which in previous teats
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had shown good pressure conversion -over a wide range of operating
conditions. The variasble-component supercharger test rig was as_
described in reference 3 except that a flat-plate front collector
cover was used to slmplify instrument installation. The impellers
were driven by an alrcraft englne in conjunction with a speed-
increaser gear.

Instrumentation. - Temperature and pressure measuremenss were

mads according to the standards reccmmended in references 3 and 4
whenever applicable. All air tempeiratures were measured with
calibrated iron-constantan thermoccuples and a potenticmeter.
Total pressures in the inlet and outlet pipes were measured with
pressure tubes of 0.093-inch outside diameter and 0.067-inch bore.
Static wall taps of 0.020-inch bore were used in the inlet and
outlet pipes. Static pressures were taken along the impeller
stationary shroud (see fig. 1) using static wall taps of
0.020-inch diameter., Total-pressuressurvey tubes were installed in
the diffuser as shown in figures 1. Total pressures were read at
the midpoint between the diffussr walle and et 0.063 inch from each

wall by a tube 0.10 inch in diameter with a 0.020-inch-diameter hole
drilled in its side,

Alr flow and air pressurse were regulated by butterfly throtitle
valves in both the inlet and outlet pipes. A largs orifice tank
with a thin-plate orifice at the entrance was used to measure the
quantity of alr entering the impeller. (See reference 5,)

The desired constant speed was maintalned with a speed strip
and a stroboscopic light oporated on 60-cycle current and checked
with an slectric counter and a stop watch.

Test procedure. - The impellers were investigated according to
the procedure recommended in references 3 and 4 whenever applicable.
A1l runs were mede with ambient inlet air. For each constant tip
spesed, the volume flow was varied in a numwber of steps from wide-
open throttle to surging, except at the flow cut-off point for the )
‘higher tip speeds, where Insufficient driving power necessitated a
small closure of the inlet throttle before the desired speed could
be obtained, At the flow cut-off the maximum volume flow through
the impeller was inappreciably affected by & small reduction in
mass flow. For all throttle settings except wide-open throttle,

a constant outlet total pressure of 10 inchea of mercury above
atmospheric pressure was maintained with impellers A, B, and C.
With impeller D, the outlet total pressure was mainiained at

3 inches of msrcury above atmospheric pressure,
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Rune were made over an actual lmpeller-tip-speed range of 800 to
1300 feset per second for impellers A and B. (All impeller tip speeds
in this report are actual unless otherwise noted.) Impeller C was
limited in speed to 1200 feet per second by the avalleble driving
power.. No runs were made of impeller D above an impeller tilp speed
of 1000 feet per sscond because of possible mechanical failure of
the inducer blades at higher speeds.

Tmpellers A, B, and C were algo Inveastigated at two constand
angular veloclties, The following table shows the relation of
engular veloclty and impelier Lip speed for the three impellers:

Impeller Angular Impeller
velocity +tip spesed
(radians/ (f£t/sec)

pec)
A 2000 1400
B ‘897
] 793
A 2400 1200
B 1078
C 952
COMPUTATIONS

Computations of over-all adiabatic efficiency Nag and pressure
coefficient daa for the unit composed of the impsller, the vane-
less diffuser, and the varilabls-component supercharger collector
were made in accordance with reference 3, The values of adiabatic
efficiency of the compressor up to the diffuser stations were computed
by using the total-pressure readings of the diffuser surveyd and the
total temperature as determined in the outlet pipe. The average total
pressure.at any diffuser station was cbteined by arithmetically
averaging the pressures obtained acrosg the diffuser passage.

The flow parameters, corrected volume flow Q;4/4/@ and specific

capacity Qlt/VVBrbz, and the speed paramo*er U/ng were computed
according to the method of reference 6, where

Q4 volume flow at inlet stagnation conditions, cubic feet per minute

8 ratio of actual inlet stagnation tenperature to stancard sea-
level temperature
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Dz impeller discharge-tip diameter, feet
U actual impeller tlp speed, feet per second

A blade-inlet angle of attack was computed at the impellsr
inlet root-mean-sguére dilameter over the range of volume fiows and
impeller tip speeds. The angle of attack is given with reference
to the mean camber line of the inducer blades and is positive when
the air strikes the lower surface and negative when the air strikes
the upper surface. A Dblade-inlet Mach numbser relative to the blade
was aslpo computed at the impeller inlet root-mean-square diameter
and at the impeller inlet blade tip.

An index of impeller static-pressure ratios was ccmputed by
using the static-pressure measurements made along ths stationary
impeller shroud. This ratic index is the minimum static pressure
along the shroud divided by the static pressure at the impeller
inlet. ' : T

RESULTS AND DISCUSSION

A comparison of the performance of immellers A, B, C, and D
is presented to show the effects on performance of reducing the
impeller tip diameter with consequent increase in the impeller
angular velocity for a given impeller tip speed. The comparative
performance is presented on a basis of adiabatic efficiency, pres-
sure coefficient, and volume flow. An anslysis of the volume-flow
limitations of the compressor is presented. This analysis indicates
what part of the comprossor system limite the volume -flow capacity
and shows the nature of the flow restriction. The use of impeller.
blade-inlet relative Mach number as an impeller dosign parameter is
discussed. ’

Comparison of Performance . S

Adiebatic efficiency. - The over-all adiabatic efficiencies
for impellers A, B, and C iIn conJjunction with the vanéless diffuser
are shown In figure 4. With each successive reduction in impeller
tip diameter and consequent increase in angular velocity for a
glven Impeller tip speed, the compressor adiabatic efflciency
increases., At the high impeller tip speeds the increase in adia-
batic efficlency is prevalent over the entire range of corrected
volume flows; whereas at the low tip speeds the improvement in the
efficiency occurs over a volums-flow range from maximum flow to
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volume flows slightly below the pesk-efficiency point.—At an
impeller tip speed of 800 feet per second, the difference in peak
adiabatic-efficlency values for impellers A, B, and C is negligibls,
peak efficiency being 0,78. At an Impeller tip speed of 1200 feet
per second, the peak adiabatic efficiency increases from 0,66 to
0.72. Peak adiahatlc efficlency occurs at approximstely the same
volume flows at the lower Impeller tip speeds. At the high impeller
tip speeds, the volume flow at peak adiabatic efficiency incresases
slightly for each reduction in impeller tip diameter.

The adlabatic efficlencies determined from total-pressure
measurements in the diffuser at dleameters corresponding to l%

impeller dlameters are shown in figure 5. At the low impeller tip
speeds, the poak adlabatic efficiencles are the same for the three
impellers. An improvement in the efficiency with reduction of tip
diameter 1s prevalent at the high corrected volume flows, At the
high impeller tip speeds, the efficlency curves as established at

the diffuser statione have the same relative characteristics as

the curves of over-all effilciency., In general, the trends established
from these diffuser surveys correlate with the correspending over-
all performance characteristics and indicste that the characteristics
determined from outlet-pipe measuremwents ars adequate to establish
the reletlve merits of the three impellers.

Adisbatic-efficiency curves for impeller D are shown in fig-
ure 8. The efficlenclies are based on diffuser pressure msasurements

at a diffuser diameter corresponding to 1% inpeller tip diameters.

Becaugs of the extreme change in directlon of the diffuser passage

at the impeller discharge, diffuser mixing losses may cause the
sbaolute values of efficlency to be in error; these losges are
insufficient, however, to nullify comparison of performance over the
range of Impeller tip speeda. The curves show & simllarity over the
speed range. An increase of impeller tip speed from 700 to 1000 feetb
por second resulted in a 3-point drop in peak adlabatic efflcilency.
The shift of peak efficlency to high corrected volume flows for each
respective increage in epeed correeponds to the design veolume flow of
impeller D, which was baged on a copnstant volume flow per revolutlion.

The efficlency curves for lmpeller D sre very similar to the
characteristic efficlency curves of several inducers that were tested
and rated as compressors. (See reference 2.) Figure 7(a) shows the
relation of peask adiabatic efficiency and angular veloclty for
impeller D and for a 2.00-inch-deep inducer reported in referenco 2.
For the range of angular velocities covered, the generel trend of
performance wes for the inducers to maintaln thelr sfficiency over
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the speed range. Figure 7(b) shows the relation of peak adiabatic
efficlency for impellers A, B, and C with angular velocity. With
sach respective decrease in impeller dlameter and consequent increase
in the amount of ideal work of compression resulting from increased
angular accelerations, the performance curves flatten and more = -
closely regemble characteristic inducar performance curves. For
this type of .impeller, an lncrease in the amount of work of compraes-
sion resulting from the angular acceleration in the impeller with
respect to the larger component of work of compression resulting
from the Coriolis accelsration in the impeller seemed to improve
the impeller adiebatic efficiency.

Pregeure coefficient, - The over-all pressure coefficients for
the three Impellers A, B, and C are shown in figure 8. Increasing
the impeller angular velocities while maintaining constant impeller
tip speeds resulted in an improved pressure coefficient over the
range of impeller tip speeds covered. These curves indicate the
same relatlve performance characteristics as do the curves of
adisbatic efficiency. The largest change in peak pressure coef-
ficient occurs at the higher tip speeds; at an impeller tip speed
of 1200 feet per second, the peak pressure coefficient is increased
6 points. The ratioc of pressure coefflcient to adisbatic eff*ciency
increases with each respective decreasse in impeller diameter and
indicates corresponding increases in the sddition of ensrgy to the
air by the impeller. _ - :

No pressure coefficients are presented for impeller D because
it has a varylng discharge dlameter, a condition that mskes pressure
coefficient an unsuiteble parameter for compasrison of performance.-

Volume flow., - With each successive reduction in impeller
diemeter, an increased volume flow through the comrressor was
obtained. As shown in figure 4 this increased volume flow was
prevalent over the range of impeller tip speeds covered by this
investigatlon. The range of operation, defined by the ratio of
maximm to minlmum volume flow, was decreased aa the impeller diameter
wasg decreased., The increased volume flow for each reduction in
impeller dlamster resulted in very large increases in the specifilc
capacity of the respective impellers. A comparison of specific
capacity for the three impellers at an impeller tip speed of
1200 feet per second is shown in figure 9. A maximum specific . .
capaclity of 11,500 cubic fest per minute per square foot wase obtained
with impeller C as compared with 8600 cublc feet per minute for
impeller B and 6700 cubic feet per minute for impeller A.

A flow restriction resulting from sonic veloclties in the
compressor was never reached with impeller D because of the limilta-
tions of the alr-exhauster system used; therefore a comparison of
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maximum volume flows between impeller D (fig. 68) and impellers A,
B, and C is unjustified.

Complete information concernling the rerformance characteristics
for the most efficlient of the three impellers is given for impsller C
in figure 10, in which the over-all total-pressure ratios PZt/Plt

for corrected impeller tip speeds of 778, 955, 1071, and 1166 feet
per sscond areplotted against corrected volume flow and speclfic
capaclity with contours of over~-all adlabatic efficiencies.

Analysis of Volume-Flow Limitations

Previous investigations of impellers (reference 1) have shown
that the volume-flow capacity of the inducer section is reflected
in the volume-flow capacity of the impeller. Results from the
present investigatlons made at constant angular speede for each of
impellers A, B, and € (fig. 11l(a)) show the maximum volume flow of
the impeller to be independent of the impeller diameter and impeller
tip speed but-to be depéndent upon the impeller anguler velocity.
Figure 11(b) shows a plot of maximum volume flow against impeller
angular velocity, The maximum volume flow varies linearly wlth
impeller angular velocity, Inasmuch as the maximum volume flows
were dependent upon the lmpellser angular velocities, the conditions
of sonic velocity in the compressor system and the resulting flow
restriction must have occurred in the inducer sgection.

Blade-inlet anglie of attack is plotted against Mach number
relative to the blade-lnlet at a rcot~mean-square blade diamote:r
In figure 12, For & range of impeller tip speeds and for
impellers A, B, and C, values of a static-pressure-ratio index
are plotted as contours. This index is a ratio of tho minimum
statlc pressure measured along the statlonary impeller shroud to
the static pressure at the impeller blade inlet. The heavy solid
line drawn through the maximum Mach number and meximum negative
angls of attack represents the maximum-volume-flow line for the
range of impeller tip speeds presented. This lins presents a
linear relation between the blade-inlet angle of attack and blade-
inlet relative Mach number with respect to the flow restrictlon
in the inducer section. An cxamination of the static-pressure-
ratlo index shows that a critical value of approximately 0,50
oxisted for each of the impellers and that the maximum-flow line
and the critical-vressure line are approximately the sams. In all
cases the critical-pressure drops occurred in the inducer section.
This phenomenon indicates that the flow was restricted when a
critical-pressure drop occurred in the Inducer section and that,
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with an Increased blade-inlet relstive Mach number, the negative
blade-inlet angles of attack at which the critical pressure drop
occurred decreased,

Use of Blade~Inlet Relative Mach Number as
a Design Parameter

The camparlison of the performance of Impellers A, B, and C has
shown that successlve increases in the ratio of impeller Inlet-tip
diameter to impeller discharge-tip dlamsester resulted In considerable
improvement in the impeller performance. For each increase in the
ratio of impeller inlet-tip to discharge-tip dlismeter, there was a
corresponding increase in the impsller angular velocity reguired for

operation at a given impeiler tilp speed. Increased impeller angular T

velocitles resulted in increased Mach numberq relative to the
impeller blade inlet.

Hawthorne (reference 7) derived a theoretical expression relating
the mass flow rate and the impsller tip, eye, and hub dimensions with
the Mach numwber and the tip speed. He plotted the expression

Clil .
against =~ for four values of M, “where
1400 .

1= h“/e 1400

h ratio of inside dlameter of eye (hub diameter) to impeller tip
diameter

e ratio of outside dlameter of eye to impeller tip dilsmeter

W mass flow rate - e

D Impeller tip diameter

U impeller tip speed

tip Mach number

This curve from figure 5 of reference 7 i1a reproduced as figure 13
with test points for impeller C addod. Some of these data points
show that the impeller was operating in a transonic range relative
to the inlet blade tip and that & maximum Mach number of 1.C3 was
reached. The blade-inlet Mach number relative to ths inlet blade
tin has besn used as & design parameter on the basls that high Mach
numbers at the impeller inlet would be detrimental to the impeller
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performence. Campbell and Talbert (refererce 8) recommended that,
Por lmpellers of the radlal-bladed type discussed in reference 8,
the maximum blade-Iinlet relative Mach number should be below 0.75.
Although Impeller C was operating in a transonic range relative to
the impeller inlet blade tip, this impeller showed conslderable
improvement in adisbetic efficiency, pressure coefficlent, and
volume-flow capaclty as compared with impellers A and B, which
operated at lower blade-iniet Mach numbers. JFor operation at tran-
sonlc conditions at the impeller inlet, any debtrimental effects on
impeller performance regulting from high inlet Mach numbers appear
small a8 compared wilth the desirable performance effects that were
obtained by increasing the impeller angulaxr velocity and consequently
increasing the amount of work of compredsion resulting from the
angular acceleration of the asir in the impeller.

SUMMARY OF RESULTS

The effect on the performance of increasing the angular veloclty
- of an impeller and consequently increasing the amount of work of
compression resulting from the angular accsleration of—-the alr in the
impeller was investigated for four impellers lin comblnation with a
vanaless diffuser in a variable-component supercherger test rig over
a range of actual tip speceds from 800 to L300 fest per second.
Impellers A, B, and C were alsc tested at two constant impellor
angular veloclties, Impellers B and C were made by successivo
reduction in the discharge-tip diameter of impeller A; impeller D was
the inducer section alone, The following results were obtained:

1, The impeller adiabatic efficiency, pressure coefficient, and
volume~flow capaclty were lmproved when the amount of work resulting
from the angular acceleration was increased with respect to the work
of compresalon resulting from the Iincreased radius of rotation of the
impeiler.

2. The volume-flow capaclty of the Impeller was independent of
inpeller diemeter and impeller tip speed dbut dependent upon the
impeller angular velocity., The relation between maximum.volume flow
and the impeller angular velocity was linear.

3, The volume~flow restrictlon In the compressor occurred in the
inducer section. The flow was restricted when & critical pressure
drop occurred in the inducer section, and with an inoreased impeller
blade-inlet relative Mach number the negative blade~inlet angles of
attack at which the critlcal pressure drop cccurred decressed.
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4, Any detrimental effects on impeller performance resulting
from transonic velocities relative to the impeller inlet blade *tip
were small as compared with the desirable performance effects that
were obtained by increasing the impeller angular velocity and -
consequently increasing the amount of work of compression resulting
from the anguler acceleration of the air in the impeller.

Alrcraft Engine Research ILaboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, Octobsr, 11, 1946,
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